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Abstract 
The hybrid dynamic mesh method combining finite macro-element with transfinite interpolation (TFI) is adopted in 
this paper which ensures mesh quality for large deformations and high efficiency. Besides, TFI is modified to 
preserve the grid orthogonality near the boundary using rotation correction and weighted approach in order to solve 
its orthogonal problem. The numerical simulation of oscillating airfoil is performed by solving Reynolds Averaged 
Navier-Stokes (RANS) equations with hybrid dynamic mesh method. The influences of oscillation parameters and 
Mach number on the hysteresis effect are investigated and the separation vortex pattern and evolution procedure are 
presented. Moreover, numerical results show the occurrence of lock-in zone. The effect of oscillation amplitude and 
frequency on it and the characteristics of vortex shedding are discussed. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Research on unsteady dynamic numerical simulation of airfoil is significant for airfoil aerodynamic 
characteristics and flow mechanism. However, there are still some problems in the present work. First, it is necessary 
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to use dynamic mesh to deform the flow field mesh in unsteady numerical simulation with moving boundary. 
Excellent dynamic mesh deformation capacity is crucial. Second, unsteady flow mechanism is not still deeply 
understood such as hysteresis effect and lock-in which need further investigation. 
The transfinite interpolation (TFI) [1] and finite macro-element [2] are two popular structured dynamic mesh 
deformation techniques. The former has higher efficiency but worse orthogonality for large deformations. The latter 
can deform in a large range, but increases workload and has lower efficiency. Therefore, the research of hybrid 
dynamic mesh method which combines finite macro-element and TFI is worthwhile.  
There are plenty of experimental and numerical researches [3-4] on the hysteresis, dynamic stall problems at home 
and abroad which focus on turbulence models and the effect of parameters. There are studies [5-7] on the lock-in and 
phase shift between unsteady force and movement displacements in oscillating cylinder flows, but the numerical 
investigations of the vortex shedding formation and unsteady force on oscillating airfoil are still very few. Due to the 
complexity of the problems, unsteady flow mechanism of oscillating airfoil needs to be studied deeply. 
The hybrid dynamic mesh method combining finite macro-element and TFI is developed which is improved by 
rotation correction. The numerical simulations of unstalled and dynamic stalled problems for oscillating airfoil are 
carried out by solving Reynolds Averaged Navier-Stokes (RANS) equations. The relationship between oscillating 
frequency and vortex shedding frequency is also investigated, which is valuable in engineering application. 
2. Numerical method 
2.1. Navier-Stokes equations for dynamic grids 
The time-dependent Reynolds-averaged Navier-Stokes equations for dynamic grids can be written in the integral 
form as following: 
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where S is the surface surrounding the control volume V, n is the outgoing unit normal of S, vg is the velocity of S, 
Q is the vector of conservative variables, Fi is the inviscid and Fv the viscous flux vectors. 
2.2. Numerical discretization 
The Roe scheme with second-order accuracy and the second-order center difference scheme are used for inviscid 
flux and viscid flux discretization respectively. In addition, Dual-time step is adopted and the acceleration 
convergence methods such as local time step and multigrid are also utilized in pseudo time step. 
To avoid the numerical errors caused by grid deformation, the geometric conservation law (GCL) needs to be 
satisfied. 
In the far field, a characteristic analysis based on Riemann invariants is used to determine the values of the flow 
variables. For an unsteady viscous surface boundary, no-slip boundary condition is used. The velocity components at 
the ghost cell are computed as: ughost = −u + 2nxVt, vghost = −v + 2nyVt, V t = Vg • n. 
2.3. Dynamic mesh deforming strategy 
Structured multi-block deformation is performed in two steps. First of all, each block of the computation domain 
is divided into several sub-blocks by the element node (or control points). The block corner displacement is finite 
element solution of macro-element points computed by solving elastic solid deformation equations. The resulting 
solution transmits boundary movement to the element nodes. Next, the interior grid displacement is obtained by 
interpolating the corner displacement using TFI blending function.  
The constitutive relationships between stresses and strains are given by Hooke’s law for a macro-element m. 
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with Cm representing elastic matrix and Em and Gm representing Young’s shearing modulus. The subscript ( )c and 
( )s denote the center of element m and boundary point which has minimum distance from the element m. The choice 
of the function fm in equation (4) for the moduli decay is determined by the fact that it has the following properties: 
as ∆rm tends to zeroˈfm  tends to infinite; ∆rm tends to infiniteˈfm  tends to one. Macro-element moduli decay 
exponentially according to the distance from the boundary resulting in large moduli and extremely stiff elements 
near the moving boundary. 
TFI does not take the rotational displacement into account, so it can not maintain the orthogonality near the 
boundary. The basic procedure of rotation correction is shown below. Firstly, the boundary movements are classified 
as translation and rotation; Secondly, the rotational vector is introduced, every point rotates around the 
corresponding boundary point, and then the reference moving grid is attained. Finally, the final grid is achieved by 
adopting the weighted factor between the initial grid and reference moving grid.  
The current grid deforming algorithm is illustrated in Fig. 1. Given a starting grid and a surface displacement, the 
translation and rotation of each surface node are computed from the deflected aerodynamic surface. Let X and ∆X 
be the position vector and displacement vector respectively. The translational displacements are: ∆Xi = X’i,1-Xi,1. 
L
L
[LM\LM
L L
L
L
a 'a
' ',ij ijx y
 
Fig.1. Grid rotation 
The rotational displacement can be expressed as 
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where a is the original surface vector from i - 1 to i + 1 and a’ is surface vector in next time step. Each grid (i, j) is 
then moved in a rigid body way according to the displacement of the surface node to form a reference. The reference 
moving grid position is defined by Xrefi,j = Mrot(Xi,j - Xi,1) + Xi,1 + ∆Xi, where Mrot is the rotational transformation 
matrix and can be expressed as:  
 rot
cos sin
sin cos
T T
T T
 ª º« »¬ ¼M  (6) 
Weights the positions of initial grid and reference grid, then the new position in next time step is obtained. X’i,j = 
ωi,jXi,j + (1-ωi,j)Xrefi,j. 
Choosing the weighted factor ω properly, the mesh quality near the boundary is maintained. Let j be the normal 
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3.4. Oscillation frequency and vortex shedding frequency 
When the vortex shedding frequency is synchronized with the oscillation frequency, then lock-in occurs. The 
vortex shedding pattern and lock-in characteristics are investigated numerically in this paper. The computational 
condition is : M∞ = 0.3, Re = 7.7 x 104, αm = 20° and α0 = 5°. 
As shown in Fig. 9, for St/Sts = 0.95, the vortex-shedding frequency fv is no longer equal to the vortex shedding 
frequency fs for the stationary airfoil. Vortices are shed at the oscillation frequency f. This means that the oscillating 
airfoil and the vortex shedding have the same characteristic frequency. The lock-in has taken place. The occurrence 
of the lock-in results in one dominant component in the lift coefficient curves. The lift acting on the airfoil is in 
phase with the airfoil oscillation. In the lock-in zone, the phase difference between the lift coefficient Cl and the 
airfoil’s oscillation displacement is evaluated. A sine wave which has the same period and phase with angular 
displacement is also given in Fig. 9 for comparison. It can be seen that the amplitude of aerodynamic coefficient 
becomes larger evidently than that in Fig. 10 and the phase shift is approximately 90° in lock-in zone. 
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Fig. 9 St/Sts = 0.95 
As shown in Fig. 10, vortices are shed at a frequency fv that is approximately equal to the vortex shedding 
frequency fs of the static airfoil but different from the forcing frequency f of the airfoil oscillation. In addition to the 
strong vibration corresponding to the forced oscillation, periodic fluctuations occur in the time history of the 
calculated lift  coefficient shown in Fig. 10 for St/Sts = 0.095, 0.047, 0.0235. These periodic fluctuation frequencies 
correspond to the vortex-shedding frequencies. This means that the vortex-shedding frequency is different from the 
forced oscillation frequency and the flow is not synchronized. In addition, it can be seen from Fig. 11 that there is 
also hysteresis loop of vortex shedding frequency in which the vortex shedding frequency is lower in downward 
phase than that in upward phase. 
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Fig. 10 St/Sts = 0.095, 0.047, 0.0235        Fig. 11 Vortex shedding hysteresis curve 
The onset of vortex lock-in due to the external forced oscillation determined by the combination of the forced 
oscillation frequency and amplitude. The calculations for different forcing frequencies and angular displacement 
amplitudes are carried out. For different angular displacement amplitudes 0.001°and 5° at fixed St/Sts = 0.9, lock-in 
occurs for amplitude 5°. However, when the amplitude is decreased to 0.001°, vortices are shed at natural vortex 
shedding frequency. It is found that lock-in occurs when the amplitude is greater than a threshold value. For different 
St/Sts = 0.68, 0.8 and 0.9, lock-in takes place at St/Sts = 0.8 and 0.9, amplitude 5°, but no lock-in takes place at 
amplitude 3°. The forcing amplitude for the onset of lock-in increases with an increase in the difference between the 
forcing and natural shedding frequencies. 
4. Inclusions 
In this paper, dynamic mesh technology and unsteady aerodynamic characteristics are investigated, some 
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conclusions can be drawn: 
The hybrid dynamic mesh method combining finite macro-element and TFI can maintain mesh quality in large 
deformation. The rotation correction of TFI can preserve the orthogonality near the boundary when airfoil rotates 
60°. 
For the unstalled problem, it is found that the hysteresis effect strengthens with the increase of oscillation 
amplitude and frequency and the hysteresis loop grows larger at first and then become smaller with the increase of 
Mach number. For the dynamic stall problem, the k-ω SST turbulence model is effective to simulate the dynamic 
stall. The separation vortex formation, development and vortex shedding are analyzed in detail.  
The relation of oscillation frequency and vortex shedding frequency is also investigated. When oscillation 
frequency is small, the vortex shedding relates to the natural shedding frequency of corresponding angle of attack 
and there is hysteresis loop of vortex shedding frequency in which the vortex shedding frequency is lower in 
downward phase than that in upward phase. When the oscillation frequency increases by nearing the natural 
shedding frequency of mean attack angle, the vortex shedding frequency is synchronized with the oscillation 
frequency, thus lock-in occurs. During lock-in regime, vortices are forcibly shed at the vibration frequency, rather 
than at the Strouhal frequency. In the lock-in zone, the amplitude of aerodynamic coefficients increases greatly and 
phase shift is approximately 90°. Furthermore, the onset of vortex-shedding lock-in depends on the combination of 
the forced oscillation frequency and amplitude. The results show that lock-in occurs only above a threshold 
amplitude of oscillation and the lock-in range increases with increasing amplitude. 
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